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A quantitative physical analysis of spin currents crossing interfaces [1] [2] [3] in ferromagnetic (FM) thin-film multilayers will provide a deeper fundamental understanding required for applications of such nanoscale magnetic systems in magnonics [4] , spin caloritronics [5, 6] , and spintronics [7] [8] [9] . Precessional magnetization dynamics have been used extensively to access interfacial spin transport where spin current flows from magnetization precession in a FM thin film into an adjacent nonmagnetic (NM) layer. This spin current is then dissipated under the influence of the spin-orbit interaction (SOI) resulting in an enhanced damping in the FM layer [10] , a process known as spin pumping [11, 12] .
In conventional spin-pumping theory [12, 13] the relaxation of a spin current in the NM layer is parametrized by the spin-mixing conductance g ↑↓ , which has generally been assumed to be solely a property of the NM material. However, a recent theoretical study by Liu et al. developed a more complex picture of spin pumping [2] , which explains the experimentally observed damping enhancements for various material combinations [14] . In this model the "effective" mixing conductance g eff ↑↓ contains terms that quantify not only relaxation of the spin current within the NM layer g ↑↓ , but also the ability of the spin current to cross the FM-NM interface, characterized by an effective specific interface spin resistance R Ã and relaxation associated with crossing the interface, termed spin memory loss δ. Chen and Zhang very recently proposed an alternate model, based on spin memory loss due to interfacial (Rashba, in their calculations) SOI [1] . Because of interfacial spin resistance and/or spin memory loss, details of the FM-NM interface structure can have an important role in determining the damping contribution due to spin pumping [6, 9] . This Letter describes the results of spin-pumping measurements using a more complex multilayered sample structure with FM (Co) sandwiched between NM layers in symmetric (Ta=Cu underlayers and Cu=Ta overlayers) and asymmetric (Ta=Cu underlayers, Ir=Ta overlayers) structures to demonstrate the role of local interface structure in spin pumping. Cobalt and iridium are isoelectronic, and Ir has strong SOI. Figure 1 shows a schematic of the structures and possible spin currents. Provided the spin current can traverse the interface from the FM to the NM L;R 1 layers (as anticipated for Co=Cu and Co=Ir interfaces), the precession of the magnetization in FM, MðtÞ, generates a spin current J L;R s pump from the FM layer into both adjacent NM layers, providing two parallel channels for energy dissipation. In steady state this pumped spin current may relax within the NM 0031-9007=15=115(5)=056601 (5) 056601-1 © 2015 American Physical Society length so spin mixing in these layers should be negligible. The effective specific interface resistance between NM By studying the FM thickness dependence of ferromagnetic resonance (FMR) in symmetric and asymmetric polycrystalline multilayer structures, it is shown here how the dynamic magnetization behavior depends intricately upon the crystal structure of the FM layer and how the precessional damping is influenced by both the NM overlayer and the local interfacial structure. This allows the spin-pumping contributions to the damping from individual interfaces, with different local atomic-scale structures, to be determined.
Two series of films were fabricated onto thermally oxidized Si substrates by dc and rf magnetron sputtering at deposition rates of ∼0.02 nm=s −1 in an Ar atmosphere using an ultrahigh vacuum deposition system. The layer structures were Si=SiO=Ta=Cu=Co½t Co =Cu ðor IrÞ=Ta with a Co thickness t Co ranging from 2.5 to 55 nm. The thicknesses of the other metal layers was fixed at 3 nm. The samples showed in-plane magnetization for all t Co . The crystallographic properties were investigated by XRD with Cu-Kα radiation. Layer thicknesses and interfacial roughnesses (0.3 AE 0.1 nm for all interfaces in all samples studied) were determined from fitting x-ray reflectivity using GENX software [15] .
FMR measurements were carried out at room temperature using a coplanar waveguide (CPW) connected to a vector network analyzer. A dc magnetic field was applied along the axis of the CPW. The samples were placed film down on the CPW, and the complex S 21 parameter [example shown in the inset of Fig. 3(a) ] was measured as a function of the external magnetic field over a frequency range up to 18 GHz. The FMR frequency f and linewidth ΔH were extracted from the raw data as described in Ref. [16] . The FMR condition for a FM thin film can be described by the Kittel formula [17] ,
where H res is the applied magnetic field at resonance and γ ¼ gμ B =ℏ is the gyromagnetic ratio which is proportional to g, the Landé (g) factor. For a continuous polycrystalline film of thickness t FM , the effective demagnetization field is
with M S is the saturation magnetization and K S is the perpendicular surface magnetic anisotropy constant [18] . The effective magnetization was determined by fitting the frequency dependence of the resonance field using Eq. (1), as shown in the inset of Fig. 2 (a). The inverse Co thickness dependence of the effective demagnetization field for both Cu and Ir overlayered film series is shown in Fig 2(a) . For structures with the same Co thickness but different overlayers, 4πM eff has the same value, which demonstrates that Cu and Ir overlayers do not significantly influence the anisotropy field, as found previously for Pt=Co=Ir [19] . It is clear that the data in Fig. 2 (a) are not described well by Eq. (2); instead, the data are divided into thin and thick film regions and each region was analyzed independently using Eq. (2). There is a clear thickness dependence of 4πM eff in each thickness regime, decreasing linearly with increasing inverse Co thickness, indicating that these variations are an interfacial effect, as assumed in Eq. (2) . The dashed line is the best fit to films with t Co ≤ 6 nm and the solid line is a fit to the thicker films. Extracted values for M S and K S are given in Table I , and are comparable to those found elsewhere [20] [21] [22] . The Landé g factor was also determined from γ values extracted from fitting Eq. (2), and is shown in Fig. 2(b) . The data are clearly not independent of thickness, contrary to the common assumption [21] . Again, after splitting the samples into two thickness regimes, linear dependencies on 1=t Co are observed, indicative of interface effects with slightly different behavior for thinner and thicker films. For both Cu and Ir overlayered films the g factor was larger than for bulk Co and decreases slightly with increasing t Co in both thickness regimes. From the intercepts of the linear fits, bulk g factors, g bulk , were estimated; these are also given in Table I , and are similar to values found elsewhere [21, 24] . The g factor can be thought of as relating spin (μ S ) and orbital (μ L ) components of the atomic magnetic moment, where g ¼ 2 þ 2ðμ L =μ S Þ. In the bulk, μ L is largely quenched, but this quenching may be reduced at the interfaces where the crystal symmetry is broken. A slight increase in μ L due to reduced quenching of angular momentum at the interfaces would enhance the g factor, which explains the linear decrease in the g factor as the inverse Co layer thickness decreases, as seen in Fig. 2(b) . It is interesting to note that there is no clear correlation between the g factor, via enhanced μ L , and K S . Both 4πM eff and the Landé g factor show that there is a significant difference between thicker and thinner films.
In order to investigate the reason for this difference, XRD measurements of the Cu-and Ir-overlayered series were used to determine the interplanar spacing d shown in Fig. 2(c) . As the Co thickness increases, the interplanar spacing shifts to lower values, indicating that the crystallographic structure changes with increasing film thickness. Previous studies of Co=Cu multilayers have shown that for t Co < 4 nm, a fcc Co structure is stable and a mixture of fcc and the hcp phases occurs in thicker layers [25] . Here the data also suggest that the initial growth of polycrystalline Co films is a predominantly (initially strained) fcc(111) phase and that as the film thickness increases beyond t Co ∼ 6 nm hcp stacking faults occur and a dominant hcp (0001) bulklike structure develops. It is to be noted that lattice mismatch between Co and Ir (∼8%) [26] is larger compared to Co and Cu (∼1.8%) [27] .
The fcc(111) lattice structure consists of an ABCABC layer-stacking sequence, and the hcp(0001) lattice structure has ABAB stacking sequence; hcp stacking faults thus consist of a displacement of atomic planes from C to A sites. These hcp stacking faults contribute only to the inhomogeneous linewidth broadening (see Supplemental Material [28] ). Cu and Ir overlayers are expected to have fcc(111) structure [26] for all Co thicknesses with a small (Co-layer thickness dependent) lattice strain. In all plots shown, Co films with predominantly fcc(111) and hcp(0001) texture are indicated by square and hexagonal symbols, respectively; this attribution is supported by the FMR data, particularly the Landé g factor. The combined thickness and crystal structure dependence of the g factor, as explained here, has not previously been considered.
The intrinsic magnetic damping α was extracted [16] from
The intrinsic damping under the influence of spin pumping is related to the total effective spin-mixing conductance for the multilayer structure g T;eff
↑↓ by [2, 13, 29] 
where α 0 is the bulk intrinsic damping. The dependence of the intrinsic damping on the inverse Co thickness is shown in Fig. 3 , with linear fits to Eq. (3) for each overlayer and dominant Co crystal-phase combination. The solid lines correspond to the (thicker) films with hcp(0001)-dominated structure and the dashed lines are fits to the (thinner) fcc(111)-dominated phase for Cu and Ir overlayered films. The α 0 were extracted from the intercepts, and are shown in Table I ; these agree well with literature values for bulk hcp Co [30] , and a recent theoretical prediction for bulk fcc Co [29] . In principle, the slope of the fits shown in Fig. 3 allow us also to extract g 
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shows not only the expected dependence on overlayer material, but, more surprisingly, also a strong dependence on the crystal phase of the Co film directly below the interface. This simple analysis cannot include thickness dependence of the Landé g factor, as is shown in Fig. 2(b) . With knowledge of the bulk damping parameter, the gradient of the inverse Co thickness dependence of a quantity 4πM S ðα − α 0 Þ=gμ B gives g T;eff ↑↓ directly. This is plotted in Fig. 4 , using the α 0 values extracted for each film series from the data in Fig. 3 . The values for g T;eff ↑↓ found from Fig. 4 relate to parallel dissipation of angular momentum in both underlayers and overlayers.
To extract the individual effective spin-mixing conductances for each Co=NM interface, note that the thinnest Co films with Cu overlayers are symmetric, with structure Ta=Cu=fccð111Þ-Co=fccð111Þ-Co=Cu=Ta; from this symmetric structure, the g eff ↑↓ for a single fccð111Þ-Co=Cu interface can be extracted as half that found for the full structure [13] . As the lower Co interface in all samples has this exact Ta=Cu=fccð111Þ-Co structure, the g eff ↑↓ for the various other Co=NM overlayer combinations can then be similarly extracted, noting that the upper Co interface of the remaining three sets of structures are composed of hcpð0001Þ-Co=Cu=Ta, fccð111Þ-Co=Ir=Ta, and hcpð0001Þ-Co=Ir=Ta. The values of g eff ↑↓ for each Co=NM interface combination are given in Table I , with literature values for some similar systems quoted for comparison. Systems containing Pt have higher g eff ↑↓ than found here with Ir, as expected due to stronger SOI in Pt.
The key result of this Letter is that, for both Co=Ir and Co=Cu interfaces, the effective interfacial spin-mixing conductance depends strongly on subtle details of the local crystal structure of the Co layer directly adjacent to the interface; g eff ↑↓ for fccð111Þ-Co=Ir is ∼15 times that for hcpð0001Þ-Co=Ir, and g eff ↑↓ for fccð111Þ-Co=Cu is ∼4 times that for hcpð0001Þx-Co=Cu. This is incompatible with the model of Chen and Zhang [1] , which requires strong (Rashba) SOI; that fccð111Þ-Co=Cu has greater g eff ↑↓ than hcpð0001Þ-Co=Ir suggests spin memory loss due to interfacial SOI is not the dominant mechanism.
The only notable difference between hcp and fcc phases is that the atomic layer-stacking sequence within the Co film differs moving away from the interface. Considering the final atomic plane of Co to be the A lattice plane, the crystal structure in the vicinity of the interface may appear for fcc(111)-Co as ABCA=fccð111Þ-NM, whereas for hcp(0001)-Co it would appear BABA=fccð111Þ-NM. Because of the different atomic-scale arrangement, the electronic structure in the vicinity of the interface should differ between these two structures, which may result in differences in the effective specific interface spin resistance R Ã and/or spin memory loss δ. An enhancement in g eff ↑↓ with fcc(111)-Co over that for hcp(0001)-Co suggests that (i) R Ã is smaller for the fccð111Þ-Co=NM interface than for the hcpð0001Þ-Co=NM interface-spin current is more easily able to enter NM from fcc(111)-Co, (ii) δ is larger for the fccð111Þ-Co=NM interface than for the hcpð0001Þ-Co=NM interface-spin-flip scattering is enhanced at the FM-NM interface with fcc(111)-Co, or (iii) a combination of these factors. Increased spin memory loss, larger δ, is primarily attributed to interfacial intermixing between FM and NM [3] ; from x-ray reflectivity (not shown), no evidence is found for increased intermixing for fccð111Þ-Co=NM in comparison to hcpð0001Þ-Co=NM films, suggesting that the effective specific interface spin resistance R Ã plays the dominant role. It is plausible that this effect is dominated by R Ã as the electronic structure differs more across hcpð0001Þ-Co=fccð111Þ-NM interfaces than across fccð111Þ-Co=fccð111Þ-NM interfaces.
In summary, the magnetization dynamics under ferromagnetic resonance in designed polycrystalline cobalt thinfilm multilayers, overlayered with copper or iridium, was studied. Thickness-dependent evolution was observed in the magnetic properties associated with spin pumping and with microstructural changes in the cobalt layers. Consistently accounting for these factors enables access to the effective spin-mixing conductance of individual cobalt-copper and cobalt-iridium interfaces, where the cobalt layers have either fcc(111) or hcp(0001) structure. Interfacial spin mixing is significantly enhanced in structures where both the cobalt and overlayers have fcc(111) structure in comparison to those where the cobalt layer has hcp(0001) structure at the interface. These changes can be accounted for by considering extended models of interfacial spin mixing, suggesting differences in the effective specific interface spin resistance rather than interfacial spin memory loss. The dramatic influence on spin mixing due to the local microstructure in the vicinity of the interface may contribute to the spectrum of values obtained for spin-Hall angles and spin-diffusion lengths measured using a diverse range of experimental approaches.
